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@ Spectral modulation sensor. 

@ A spectral modulation sensor includes an opti- 
cally resonant structure comprising a body having a 
cavity (106) containing a sensitive medium (110) 
which changes in volume in response to a chemical 
species. The cavity and the medium include first and 
second reflective surfaces (107,112) which are rela- 
tively displaced with changes In volume of the 
chemical species. The structure spectrally modu- 
lates an input measuring light to produce output 
light, which is spectrally modulated as a function of 
the sensed chemical species. 
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FIELD OF THE INVENTION 

The invention relates to optical devices for 
sensing and measuring various physical param- 
eters. More particularly, this invention relates to an 
optical device having a spectral modulation sensor 
in which the physical parameter being measured 
causes spectral changes in the reflectivity and/or 
transmission of the sensor's optically resonant 
structure, thereby spectrally modulating the output 
light from the sensor as a function of the physical 
parameter being measured. 

SUMMARY OF THE INVENTION 

Some objects of the invention are to provide a 
low cost, stable, reliable and accurate optical mea- 
suring device for detecting and measuring various 
physical parameters such as, by way of non-limit- 
ing example, pressure, temperature, gas density, 
and various chemical species. 

Further objects of the invention are to provide 
such a device which is immune, during use of the 
device, to changes in intensity of the light source 
and to changes in light transmission intensity due 
to optical fiber bending and due to optical connec- 
tor light loss. 

A further object of the invention Is to provide 
such a device which provides an analog type out- 
put when measuring the physical parameter being 
measured, in order to provide a higher degree of 
resolution in measuring the physical parameter be- 
ing measured as compared to a device which pro- 
vides a digital type output. 

Another object of the invention is to provide 
such a device having a spectral modulation sensor 
which measures the physical parameter being 
measured by utilizing microshifts in the operating 
segment(s) of the reflectivity and/or transmission 
curve of the sensor's optically resonant structure 
caused by the physical parameter being measured. 

Another object of the invention is to provide 
such a device having a spectral modulation sensor 
which accurately measures the physical parameter 
being measured by utilizing operating segment(s) 
which are less than about one resonance cycle in 
length and which are microshifted less than about 
one resonance cycle; and by utilizing measuring 
input light wavelength(s) which fall within the op- 
erating segment(s) over substantially the range of 
values of interest for the physical parameter being 
measured. 

A further object of the invention Is to provide 
such a device whose spectral modulation sensor is 
small enough to be mounted directly on the end of 
a single optical fiber; and which thus utilizes all 
light emanating from that optical fiber, for greater 
sensitivity. 



Other objects of the invention are to provide 
such a device having a spectral modulation sensor 
which is small enough to be inserted readily into 
selected blood vessels of the human body, and 

5 which is non-toxic to the human body. 

Another object of the invention is to provide 
such a device in which, by suitable design of the 
optically resonant structure in the device's spectral 
modulation sensor, the output measuring signal will 

10 either vary either directly or inversely with changes 
in value of the sensed physical parameter. 

In basic form, the invention comprises a light 
source, a light transmission means, a spectral mod- 
ulation sensor having an optically resonant struc- 

75 ture, and detection means for converting the output 
light from the spectral modulation sensor into elec- 
trical signals. 

The light transmission means comprises an 
input optical fiber, an optical beam splitter, an 

20 optical fiber connector, a sensor optical fiber, and 
an output optical fiber. The optical beam splitter 
and optical fiber connector optically connect the 
sensor optical fiber with the input and output op- 
tical fibers. 

25 input light from the light source travels sequen- 

tially through the input optical fiber, optical fiber 
beam splitter, optical fiber connector and sensor 
optical fiber into the spectral modulation sensor. 
Output light from the spectral modulation sensor 
30 travels sequentially through the sensor optical fiber, 
optical fiber connector, optical fiber beam splitter 
and output optical fiber to the detection means. 

Thus, a single optical fiber, namely the sensor 
optical fiber, acts to both convey input light to the 
35 spectral modulation sensor and to convey output 
light from the spectral modulation sensor. This sim- 
plifies the optical measuring device, reduces its 
size and cost, and increases its reliability as com- 
pared to a system employing two optical fibers, 
40 each separately connected to the spectral modula- 
tion sensor, to input light to the spectral modulation 
sensor and output light from the spectral modula- 
tion sensor, respectively. 

As has been mentioned, the spectral modula- 
45 tion sensor has, as its active element, an optically 
resonant structure. The present invention contem- 
plates several different forms of the spectral modu- 
lation sensor which are capable of detecting dif- 
ferent physical parameters depending on the par- 
50 ticular nature of their optically resonant structures. 

In general, an optically resonant structure com- 
prises a pair of separated reflective surfaces, with 
the reflectivity and transmission of the optically 
resonant structure being functions of its optically 
55 sensitive physical characteristics, such as the dis- 
tance between its reflective surfaces, the optical 
characteristics of its reflecting surfaces, and the 
index of refraction of whatever is between its re- 



2 



EP 0 665 425 A2 



flective surfaces. 

Thus, if at least one of the optically sensitive 
physical characteristics of a particular spectral 
modulation sensor's optically resonant structure are 
altered by the physical parameter being measured, 
then the light reflected and/or transmitted by the 
spectral modulation sensor will change as a func- 
tion of the physical parameter being measured. 
Accordingly, the output light from the spectral mod- 
ulation sensor will be spectrally modulated by its 
optically resonant structure as a function of the 
physical parameter being measured and carries 
information regarding the physical parameter being 
measured. 

The spectrally modulated output light from the 
spectral modulation sensor is converted into an 
output electrical signal by the detection means 
which comprise photodetector and amplifier means. 
The output electrical signal provides an accurate 
determination of the physical parameter being 
measured, within a certain range of values for the 
physical parameter being measured, once the op- 
tical measuring device has been calibrated. 

However, the basic form of the invention just 
described may be susceptable to measurement 
inaccuracies due to changes in the light source 
intensity and to changes in light transmission inten- 
sity due to bending of the optical fibers or due to 
optical connector light toss. 

In a second embodiment of the Invention, the 
above potential measurement inaccuracies are 
eliminated. The second embodiment is similar to 
the first embodiment described above, with the 
following changes. First, the light source is se- 
lected to emit light over at least two wavelengths, 
or over a band of wavelengths, and may be a light 
emitting diode (LED), for example. The spectral 
modulation sensor operates as before, with the 
spectral reflectivity and/or transmission of its opti- 
cally resonant structure being a function of the 
physical parameter being measured. As before, the 
output light from the spectral modulation sensor is 
spectrally modulated by the sensor's optically reso- 
nant structure as a function of the physical param- 
eter being measured, and carries information re- 
garding the physical parameter being measured. 

However, in the detection means the spectrally 
modulated output light wavelengths from the spec- 
tral modulation sensor are separated into two spec- 
tral components, each of which is separately con- 
verted into an electrical signal by photodetector 
means and then amplified. Finally, a divider circuit 
takes the ratio of these two electrical signals to 
provide an output signal. The output signal from 
the divider circuit provides an accurate determina- 
tion of the physical parameter being measured, 
within a certain range of values for the physical 
parameter being measured, once the optical mea- 



suring device has been calibrated. 

Importantly, the second embodiment of the In- 
vention described above is not susceptable to mea- 
surement inaccuracies due to changes in the light 

5 source intensity and to changes in light transmis- 
sion intensity due to bending of the optical fibers 
and due to optical connector light loss. This is 
because such changes normally affect the two 
spectral components of the spectral modulation 

10 sensor's output equally. Thus, when the two elec- 
trical signals corresponding to the two spectral 
components of the spectral modulation sensor's 
output are divided in the divider circuit, such 
changes cancel each other out and have no effect 

75 on the output signal from the divider circuit. 

The foregoing is intended to be but a brief 
summary of some of the objects, features, advan- 
tages and characteristics of the invention, and is 
not intended to be a detailed catalog thereof since 

20 these and further objects, features, advantages and 
characteristics will be expressly or inherently dis- 
closed to those skilled in the art to which the 
invention pertains in view of all of the disclosures 
herein. 

25 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a schematic Illustration of the first 
embodiment 1 of the optical measuring device: 
30 Figure 2 is a graphic representation ; of a re- 
flectivity curve for an optically resonant struc- 
ture; 

Figure 3 shows a portion of the curve of Fig. 2 
during operation of the first embodiment 1 of the 

35 optical measuring device; 

Figure 4 is a schematic illustration of the second 
embodiment 2 of the optical measuring device; 
Figure 5 shows a portion of the curve of Fig. 2 
during operation of the second embodiment 2 of 

40 the optical measuring device; 

Figures 6 and 7 are graphic representations of 
the spectrally modulated output light of the sec- 
ond embodiment 2 of the optical measuring 
device; 

45 Figure 8 is a schematic side elevation view 
showing the first embodiment 22A of the spec- 
tral modulation sensor, in a longitudinal cross 
section taken along line 8-8 of Fig. 8a; 
Figure 8a is an elevation view of the right side of 

50 Fig. 8; 

Figure 8b is a schematic side elevation view 
showing a modified form of the first embodiment 
22A of the spectral modulation sensor in longitu- 
dinal cross section; 

55 Figure 9 is a graphic representation of the out- 
put from the spectral modulation sensor 22A as 
used with the second embodiment 2 of the 
optical measuring device; 
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Figures 10. 11, and 12 are schematic side ele- 
vation views showing the second, third and 
fourth embodiments 22B, 22C and 22D of the 
spectral modulation sensor in longitudinal cross 
section, taken along lines 10-10, 11-11 and 12- 
12 of Figs. 10a-12a, respectively; 
Figures 10a, 11a, and 12a are elevation views of 
the right side of Figs. 10, 11, and 12, respec- 
tively; 

Figure 13 is a schematic illustration of the third 
ennbodinnent of the optical measuring device; 
Figure 14 is a schematic illustration of the fourth 
embodiment of the optical measuring device; 
Figures 15, 15b, 16, 17 and 18 are schematic 
side elevation views of sensors 22A, 22Aa, 22B, 
22C and 22D of Figs 8, 10, 11 and 12, respec- 
tively, being operated in a transmission mode, 
the views being partly in longitudinal cross-sec- 
tion taken along the lines 15-15, 16-16, 17-17 
and 18-18 of Figs. 15a, 16a, 17a and 18a, re- 
spectively; and 

Figures 15a, 16a. 17a and 18a are cross sec- 
tional views taken along lines 15a-15a, 16a-16a, 
17a-17a and 18a-18a of Figs. 15, 16, 17 and 18 
respectively. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

FIRST EMBODIMENT OF THE OPTICAL MEA- 
SURING DEVICE 

The first embodiment 1 of the optical measur- 
ing device of the invention is schematically illus- 
trated in Figure 1. Light source 10 is for providing 
suitable measuring input light which may be mon- 
ochromatic or which may be dispersed over two or 
more adjacent or non-adjacent wavelengths. Light 
source 10 can comprise at least one source of 
monochromatic light, such as a laser or a lasing 
diode, at least one source of two or more 
wavelengths, such as a light emitting diode (LED), 
and/or suitable optical filters to provide the desired 
input light. Suitable power for light source 10 is 
provided by any suitable source of electrical power 
through conventional electrical connection means 
11. 

For simplicity, by way of non-limiting example, 
a single monochromatic light source 10, such as a 
lasing diode which emits light with a wavelength of 
810nm will be discussed below. 

Input light from light source 10 Is coupled into 
sensor optical fiber 14 via input optical fiber 12, 
optical beam splitter 18 and optical fiber connector 
20. 

Optically connected to the end of sensor op- 
tical fiber 14, and receiving input light therefrom, is 
a spectral modulation sensor 22 having an optional 



substrate 9 supporting an optically resonant struc- 
ture 21. Substrate 9 has two purposes. First, it 
improves the sensitivity of optically resonant struc- 
ture 21 by acting as a spacer between the end of 

5 sensor optical fiber 14 and optically resonant struc- 
ture 21. Substrate 9 preferably has a thickness 
about equal to the diameter, of sensor optical fiber 
14. Improved sensitivity of optically resonant struc- 
ture 21 results if substrate 9 is used, because light 

10 entering optically resonant structure 21 from sensor 
optical fiber 14 Is relatively more collimated than if 
substrate 9 were omitted and sensor 22 were se- 
cured directly to the end of sensor optical fiber 14. 
If substrate 9 is omitted, optically resonant struc- 

75 ture 21 may be secured directly to the end of 
sensor optical fiber 14. Secondly, substrate 9 
serves as an aid in the manufacture of sensor 22 
and in the assembly of optically resonant staicture 
21 to the end of sensor optical fiber 14, since as 

20 will become apparent subsequently, optically reso- 
nant structure 21 can be less than one micron 
thick. Preferably, substrate 9 does not play a part 
in spectrally modulating the measuring input light 
to optically resonant structure 21, but it could do 

25 so. 

Optically resonant structure 21 comprises, in 
general, a pair of separated reflective surfaces 13, 
15 with the reflectivity and transmission of the 
optically resonant structure being functions of its 

30 optically sensitive physical characteristics, such as 
the distance between its reflective surfaces 13, 15. 
the optical characteristics of its reflective surfaces 
13, 15, and the index of refraction of whatever 17 is 
between its reflective surfaces 13. 15. The output 

35 light from sensor 22 Is spectrally modulated by 
optically resonant structure 21 as a function of at 
least one of the optically sensitive physical char- 
acteristics of optically resonant structure 21 . 

Spectrally modulated output light from the sen- 

40 sor 22 travels sequentially through sensor optical 
fiber 14, optical fiber connector 20, optical beam 
splitter 18 and output optical fiber 16 where it is 
optically coupled to photodector 30. 

The output signal from photodetector 30 is 

45 delivered via electrical connection means 32 to 
amplifier 34. The amplified output signal from am- 
plifier 34 is delivered to output terminal 36, and 
provides a measurement of the physical parameter 
being measured. 

50 Power from any suitable source of electrical 

power for photodetector 30 and amplifier 34 are 
provided through electrical connection means 31. 
33. respectively, parts 30-36 form detection means 
for converting output light from sensor 22 into a 

55 useful electrical output measuring signal at output 
terminal 36. 

The light source 10 and photodetector 30 are 
typically housed within a suitable housing and pro- 
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vided with temperature regulating means 38 to 
maintain said components at a relatively constant 
temperature to enhance the stability and accuracy 
of the optical measuring device. Power from any 
suitable source of electrical power for temperature 
regulating means 38 is provided through electrical 
connection means 39. By way of non-limitrng ex- 
ample, temperature regulating means 38 could 
comprise a resistance heating element controlled 
by a thermostat to maintain said components at a 
pre-selected temperature above normal room tem- 
perature, such as 38' C (100* F). 

THEORETICAL CONSIDERATIONS FOR FIRST 
EMBODIMENT OF OPTICAL MEASURING DE- 
VICE 

Now that the general construction and opera- 
tion of the first embodiment 1 of the invention has 
been considered, its theory of operation will be 
addressed. 

Its theory of operation involves the cyclic op- 
tical nature of the reflectivity curves of its optically 
resonant structure 21 in response to input light and 
the physical parameter being measured, and how 
small shifts in these response curves, termed here- 
in microshifts, can be used to sense and measure 
various physical phenomena such as pressure, 
temperature, gas density and chemical species. 

By way of non-limiting example, for the sim- 
plest form of an optically resonant structure 21, 
namely a parallel plane optically resonant structure 
21 which comprises a pair of separated parallel 
reflective surfaces 13. 15, the reflectivity R of par- 
allel plane optically resonant structure 21 is known 
to be given by the equation: 

R = 1-s2/((1-r)2 + 4rsin2(theta)) 

where s = (si sa)^^ and r = (r^ r2)°^. The quan- 
tities si , 82 are, respectively, the transmittances of 
reflective surfaces 13, 15, while ri, tz are, respec- 
tively, the reflectances of reflective surfaces 13, 15 
as seen from within parallel plane optically reso- 
nant structure 21 . 

The angle theta in the sine term in the above 
equation is known to be given by: 

theta = 2(pi)nt cos(phi)/lambda + e 

where: n = the refractive Index of whater 17 is 
between reflective surfaces 13, 15; t = the dis- 
tance between reflective surfaces 13.15; 
phi = the angle of light reflection between reflec- 
tive surfaces 13,15; 

lambda = the wavelength of input light empinging 

on optically resonant structure 21 ; and 

e = any phase shift caused by reflection from 



either reflective surface 13. 15. 

Referring now to Figure 2. a typical reflectivity 
curve 40 of a parallel plane optically resonant 
structure 21 having a given set of physical char- 

5 acteristics is schematically illustrated. It is noted 
that reflectivity curve 40 is also typical of any other 
form of optically resonant structure 21 having a 
given set of physical characteristics which is not a 
parallel plane optically resonant structure. The re- 

10 flectivity R of parallel plane optically resonant 
structure 21 is seen to be a periodic function of the 
wavelength of its Input light - a common char- 
acteristic of optically resonant structures. 

By examining the equations set forth above, it 

75 can be seen that, more generally, the reflectivity R 
of a parallel plane optically resonant structure 21 is 
a periodic function of the parameter group nt cos 
(phiyiambda. For a parallel plane optically resonant 
structure 21, maximum reflectivities occur at nt 

20 cos(phi)/lambda (2m + 1)/4, while minimum reflec- 
tivities occur at nt cos(phi)/lambda m/2; where m is 
the cycle number and is zero or a positive integer. 
By examining these two equations last mentioned. 
It is seen that adjacent maxima and minima (and^ 

25 vice versa) are separated such that the absolute 
value of parameter group nt cos(phl)/lambda 
changes by exactly i between them. 

By designing a parallel plane optically resonant 
structure 21 so that parameter group nt cos(phi) 

30 /lambda changes in response to the physical pa- 
rameter being measured, it follows that, for any 
selected wavelength of input light, parallel plane 
optically resonant structure 21 will exhibit varying 
reflectivity as a function of the physical parameter 

35 being measured. It has been discovered that this 
varying reflectivity can be used in a novel way to 
detect and measure the physical parameter being 
measured as will be described in more detail sub- 
sequently. 

40 The parameter group nt cos(phi)/lambda can 

be made to change in response to the physical 
parameter being measured if any of the optically 
sensitive physical characteristics of parallel plane 
optically resonant structure 21, such as its refrac- 

45 tive index n or distance t, light refraction angle phi, 
and/or phase shift e, can be made to change as a 
function of the physical parameter being measured. 
In general- an optically sensitive physical char- 
acteristic of parallel plane optically resonant struc- 

50 ture 21 is any of its physical characteristics which 
change its reflectivity as a function of the physical 
parameter being measured. 

All of the proceeding remarks concerning par- 
allel plane optically resonant structures 21 apply to 

55 all other forms of optically resonant structures 21 
which are not parallel plane optically resonant 
structures. The remarks which follow apply to all 
forms of optically resonant structures 21, whether 
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parallel plane or not- 
Specific non-limiting examples of different 
spectral modulation sensors 22 having different op- 
tically resonant structures 21 in which at least one 
of their optically sensitive physical characteristics 
vary as a function of a physical parameter being 
measured are set forth in the following sections. 

Referring now to Figure 3, an enlarged portion 
of reflectivity curve 40 is illustrated. Fig. 3 also 
illustrates, by way of non-limiting example, the ef- 
fect on reflectivity curve 40 when any of the opti- 
cally sensitive physical characteristics of its par- 
ticular corresponding optically resonant structure 
21 is altered. 

By way of non-limiting example, regarding opti- 
cally resonant structure 21 A of sensor 22A of Fig- 
ure 8, the optically sensitive physical characteristic 
may be the distance between the reflective bottom 
27 of Its cavity 26 and the inner surface 29 of its 
cover 28. For purposes of discussion, it may be 
assumed reflectivity curve 40 is also the reflectivity 
curve for optically resonant structure 21 A. 

In Fig. 3, reflectivity curve 40 of optically reso- 
nant structure 21 A is seen to be shifted to the left, 
with respect to any particular selected wavelength 
Li of input light from light source 10, to become 
reflectivity curve 40' when the distance between its 
reflective surfaces 27. 29 is reduced; and is seen 
to be shifted to the right with respect to Li to 
become reflectivity curve 40" when the distance 
between its reflective surfaces 27, 29 is increased. 

It should be noted that Fig. 3 only schemati- 
cally illustrates the actual effect since, as is dis- 
cussed subsequently in more detail regarding sen- 
sor 22A and its optically resonant structure 21 A. its 
reflective surfaces 27, 29, are not parallel during 
operation. In addition, as the reflectivity curve 40 is 
shifted left the bandwidth of each of its cycles 
decreases, while as it is shifted right, the band- 
width of each of its cycles increases. 

However, in general, the reflectivity curve of 
any kind of optically resonant structure 21 shifts 
left and/or right with respect to wavelength Li as a 
function of any of its optically sensitive physical 
characteristics, such shifts being termed herein 
microshifts. An optically sensitive physical char- 
acteristic of any particular optically resonant struc- 
ture 21 is defined as being any of Its physical 
characteristics which cause such microshifts as a 
function of the physical parameter being measured. 
A resonance cycle of the reflectivity cun/e of any 
particular optically resonant structure 21 is defined 
as being one complete cycle on its reflectivity 
cun/e. There are, of course, a plurality of such 
resonance cycles on its reflectivity curve since a 
resonance cycle may start anywhere on its re- 
flectivity curve. 



By way of non-limiting example, a resonance 
cycle on reflectivity curve 40 of any optically reso- 
nant structure 21 is AB, seen in Rg. 3. 

It has been discovered that accurate measure- 

5 ments of the physical parameter being measured 
can be made using operating segment(s) of the 
reflectivity curve of the particular optically resonant 
structure 21, wherein the term operating segment 
is defined to be any portion of its reflectivity curve 

10 which is less than about one resonance cycle in 
length, and by using operating segment microshifts 
which are also less than about one resonance 
cycle in length, at the measuring input light 
wavelength(s). Since the reflectivity curve of any 

76 particular optically resonant structure 21 is cyclic, 
there are a plurality of such operating segments on 
it. 

By way of non-limiting example, if the operat- 
ing segment of reflectivity curve 40 of Fig. 3 were 
20 A"B" it is, of course, one resonance cycle in 
length. Further, if in response to the physical pa- 
rameter being measured operating segment A"B" 
were microshifted to the left until point B" inter- 
sected wavelength L3. then the microshift of op- 
26 erating segment A"B" would be one resonance 
cycle in length. 

By way of further non-limiting example with 
regard to the first embodiment 1 of the optical 
measuring device, let us choose to drive optically 
30 resonant structure 21 with a light source 10 which 
delivers monochromatic input light of a wavelength, 
such as LI. Wavelength Li does not. of course, 
change if any of the optically sensitive physical 
characteristics of optically resonant structure 21 of 
35 sensor 22 are altered by the physical parameter 
being measured. Let us further choose AC to be 
the operating segment of resonance curve 40 for 
optically resonant structure 21 (see Fig. 3). 

From an inspection of Fig. 3, it is seen that for 
40 any given intensity of input light of wavelength Li 
to sensor 22, the output intensity at wavelength Li 
from sensor 22's optically resonant structure 21 will 
be different when at least one of the optically 
sensitive physical characteristics of its optically 
45 resonant structure 21 are altered by the physical 
parameter being measured, as compared to when 
such optically sensitive physical characteristics of 
its optically resonant structure 21 are unaltered. 
This is due to the left and/or right microshifts of 
50 operating segment AC of optically resonant stmc- 
ture 21 (to become A*C* and A"C") in response to 
the physical parameter being measured. 

Thus, sensor 22 is a spectral modulation sen- 
sor whose optically resonant structure 21 modu- 
55 lates its input light of wavelength Li as a function 
of the physical parameter being measured and 
produces modulated output light of wavelength Li 
which carries information regarding the physical 
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parameter being measured. This information is 
converted by photodetector 30 and amplifier 34, as 
has been described, into an electrical output mea- 
suring signal carrying the same information. 

Naturally, the wavelength(s) of input light from 
light source 10 which are actually utilized In mea- 
suring the physical parameter being measured, 
termed herein input measuring light, such as 
wavelength Li , and/or the physical characteristics 
of the sensor's optically resonant structure 21 are 
selected such that such wavelength(s) of input 
measuring light fall at least substantially within the 
desired operating segment of its reflectivity curve, 
such as AC for example, over the desired operating 
range of values for the physical parameter being 
measured. Thus, as seen in Fig. 3, wavelength Li 
remained within operating segment AC, despite 
operating segment AC being microshifted by opti- 
cally resonant structure 21 in response to the phys- 
ical parameter being measured to become A'C 
and/or A"C". 

By suitably selecting the operating segment of 
optically resonant structure 21. as by a suitable 
selection of its optically sensitive physical 
characteristic(s), and/or by suitably selecting the 
measuring input light wavelength(s), it is possible 
to cause the output measuring signal of the optical 
measuring device 1 to vary either directly or In- 
versely with changes In value of the physical pa- 
rameter being measured. Causing the output mea- 
suring signal to vary inversely rather than directly 
may be done, for example, by using an operating 
segment having a negative slope, rather than a 
positive slope. 

For greater sensitivity and/or for a wider poten- 
tial range of values for which the physical param- 
eter being measured can be measured by optically 
resonant structure 21, it is preferable that optically 
resonant structure 21 be designed such that 
changes in its output light due to its operating 
segment microshifts in response to the physical 
parameter being measured be maximized over the 
range of values of interest for the physical param- 
eter being measured. This is achieved, for exam- 
ple, by suitable design of optically resonant struc- 
ture 21, by suitable selection of a particular operat- 
ing segment for it, and/or by suitable selection of 
the input measuring light's wavelength(s) and or 
amplitude(s), to obtain an operating segment of 
greatest length which will yield unambiguous spec- 
trally modulated output light from optically resonant 
structure 21 over the range of values of interest for 
the physical parameter being measured. 

By way of non-limiting example, for a monoch- 
romatic measuring input light of wavelength Li. 
changes in the output light of optically resonant 
structure 21 are maximized when its operating seg- 
ment AC extends, as illustrated in Fig. 3, between 
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any maxima and an adjacent minima (or vice 
versa) on its reflectivity curve 40, and when over 
the range of values of interest for the physical 
parameter being measured, the physical parameter 

5 being measured drives optically resonant structure 
21 such that its operating segment AC is micro- 
shifted left and/or right sufficiently such that the 
entire operating segment AC intersects the input 
measuring light wavelength Li, i.e., is microshifted 

10 a full half resonance cycle. 

Operating segment(s) of reflectivity curve 40 
for any particular optically resonant structure 21 
which yield the greatest potential changes in the 
output light from optically resonant structure 21 

15 due to its operating segment microshifts, at the 
wavelength(s) of the input measuring light, may 
vary according to the frequency and/or amplitude 
spectrum(s) of the input measuring light. On the 
other hand, it may be desirable to utilize only a 

20 portion of such operating segment(s) in order to 
improve the linearity of the output light from opti- 
cally resonant structure 21. such as by. using a 
particularly linear portion of it. 

Naturally if the optically resonant structure 21 

25 is driven by the physical parameter being mea- 
sured such that its spectrally modulated output 
light signal does not bear a unique one-to-one 
relationship to the physical parameter being mea- 
sured over the range of values of interest, then the 

30 output light signal may provide ambiguous informa- 
tion. By way of non-limiting example, for a mon- 
ochromatic input measuring light Li, this occurs 
when optically resonant structure 21 is driven by 
the physical parameter being measured such that 

35 its operating segment AC is microshifted left and or 
right such that it no longer intersects wavelength 
Li. 

In general, if it is found that the spectrally 
modulated output light from optically resonant 

40 structure 21 does not bear the desired one-to-one 
relationship, then selecting an input measuring light 
having different wavelength(s) and/or amplitude(s), 
selecting a different physical structure for optically 
resonant structure 21, and/or selecting different op- 

45 erating segment(s) of reflectivity curve 40 for opti- 
cally resonant structure 21 until the desired unique 
one-to-one relationship is obtained can solve the 
problem. Further, proper calibration of the optically 
resonant structure 21 . and/or using it only over its 

50 designed range of values when measuring the 
physical parameter being measured is helpful. 

For greater sensitivity, it is also desirable to 
increase the maximum to minimum (or vice versa) 
reflectivity difference of optically resonant structure 

55 21. such as between AC in Fig. 3. This is done by 
coating at least one of its reflective surfaces 13, 15 
with an appropriate thickness, say 100 to 200 Ang- 
stroms, for example, of a high refractive index 
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transparent media that increases surface reflectiv- 
ity, such as rutile, titanium dioxide, cubic zirconia 
or silicon. 

SECOND EMBODIMENT OF THE OPTICAL MEA- 
SURING DEVICE 

The second embodiment 2 of the optical mea- 
suring device is schematically illustrated in Figure 
4. The first and second embodiments 1, 2 of the 
optical measuring device illustrated in Figs. 1 and 
4, respectively, are identical in theory, construction, 
use and all other respects, except for the differ- 
ences which are discussed below. Accordingly, the 
same reference numerals used for certain parts of 
the first embodiment of Fig. 1 are used for the 
same parts in the second embodiment in Fig. 4, for 
clarity. 

Turning now to the differences, in Fig. 4 light 
source 48 is now chosen to produce at least two 
light wavelengths and may be, by way of non- 
limiting example, a light emitting diode (LED) which 
emits a band of light wavelength(s) centered at 
approximately BlOnm, such as part #MF0E1202. 
made by the Motorola Go. Power for light source 
48 is provided from any suitable source of elec- 
trical power through electrical connection means 
49. 

Spectrally modulated output light from output 
optical fiber 16 is directed onto a beam splitter 50 
which divides it into two output light beams. 

The first output light beam from beam splitter 
50 passes through short pass optical filter 52. 
which transmits to an appreciable degree only light 
having a wavelength shorter than a given, preselec- 
ted wavelength. The short wavelength output light 
band from filter 52 is converted to a first electrical 
signal by photodetector 54 and then conveyed to 
amplifier 56 by electrical connection means 58 to 
be amplified by amplifier 56. Said preselected 
wavelength may be, by way of non-limiting exam- 
ple, the wavelength of light from light source 48 of 
highest intensity, such as a wavelength of 810nm, 
for the particular LED mentioned above. 

The second output light beam from beam split- 
ter 50 passes through long pass optical filter 60, 
which transmits to an appreciable degree only light 
having a wavelength longer than said given, 
preselected wavelength. The long wavelength out- 
put light band from filter 60 is converted to a 
second electrical signal by photodetector 62 and 
then conveyed by electrical connection means 64 
to amplifier 66 to be amplified by amplifier 66. 
Amplifiers 56, 66 preferably amplify their respec- 
tive signals to the same degree. 

The amplified first and second electrical sig- 
nals from amplifiers 56. 66 are conveyed to a 
divider circuit 68 by electrical connection means 



70, 72. Divider circuit 68 takes the ratio thereof and 
provides an output measuring signal to electrical 
connection means 74. The output measuring signal 
carries information regarding the physical param- 
5 eter being measured. 

As has been mentioned, changes in the inten- 
sity of light source 48 and changes in light trans- 
mission intensity due to bending of optical fibers 
12, 14, 16 and due to light loss in optical connector 
10 20 may cause inaccuracies in the output measuring 
signal. However, it is noted that both said short and 
long wavelength output light bands from optical 
filters 52. 60 are affected equally by such changes. 
Accordingly, when their respective amplified first 
75 and second electrical signals are divided in divider 
circuit 68, such changes cancel each other out and 
have no effect on the output measuring signal from 
divider circuit 68. Such dividing of two signals is 
known as ratiometric signal processing. 
20 Although the arrangement discussed above is 

preferred because it provides an optical measuring 
device with maximum sensitivity, it is possible to 
remove either filter 52 or filter 60 and still eliminate 
the Inaccuracies in the output measuring signal 
25 discussed above. If short pass filter 52 is removed, 
then divider circuit 68 will take the ratio of the 
electrical signals from amplifiers 56, 66 corre- 
sponding to, respectively, the entire output light 
band from beam splitter 50 which falls on 
30 photodetector 54 and the long wavelength output 
light band from long pass filter 60. If long pass 
filter 60 is removed, then divider circuit 68 will take 
the ratio of the electrical signals from amplifiers 56, 
66 corresponding to, respectively, the short 
35 wavelength output light band from short pass filter 
52 and the entire output light band from beam 
splitter 50 which falls on photodetector 62. In either 
event, such inaccuracies will again cancel each 
other out in divider circuit 68. in the manner dis- 
40 cussed above, since all portions of the output light 
band from optical fiber 16 are affected equally by 
such inaccuracies. 

Thus, it is within the scope of the present 
invention to eliminate the inaccuracies in the output 
45 measuring signal discussed above by having the 
divider circuit 68 take the ratio of the electrical 
signals corresponding to any two different portions 
of the output light from output optical fiber 16, even 
wherein one of said portions may be the entire 
50 output light from output optical fiber 16. 

Power for photodetectors 54. 62, amplifiers 56. 
66 and divider circuit 68 are provided by any 
suitable source of electrical power through elec- 
trical connection means 76, 78. 80. 82. 84, respec- 
55 lively. 

Parts 50-84 form a detection means for con- 
verting the output light from the optically resonant 
structure 21 of sensor 22 into a useful electrical 
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output measuring signal at electrical connection 
means 74. 

Light source 48 and photodetectors 54, 62 are 
preferably housed in a housing of any suitable 
construction along with temperature regulating 
means 38, so temperature regulating means 38 can 
maintain them at a relatively uniform temperature 
to enhance the accuracy of the optical measuring 
device, as was discussed above regarding the first 
embodiment 1 . 

THEORETICAL CONSIDERATIONS FOR SECOND 
EMBODIMENT OF OPTICAL MEASURING DE- 
VICE 

Now that the general construction and opera- 
tion of the second embodiment 2 of the optical 
measuring device has been considered, the theory 
of operation of the second embodiment 2 as illus- 
trated in Fig. 4 which Is different from the theory of 
operation of the first embodiment 1 of the optical 
measuring device will now be addressed. 

It will be recalled, regarding the first embodi- 
ment 1 of the optical measuring device of the 
present invention, wherein by way of non-limiting 
example the input measuring light was chosen to 
be monochromatic, that in order to eliminate am- 
biguity in the output light signal from spectral mod- 
ulation sensor 22, at least two basic criteria had to 
be met. The two criteria for monochromatic input 
measuring light are that the maximum length and 
the maximum michroshifting of the operating seg- 
ment of the reflectivity curve of optically resonant 
structure 21 could not exceed one-half of a reso- 
nant cycle. 

In contrast, quite different constraints on these 
two basic criteria are found in the ratiometric sec- 
ond embodiment 2 of the optical measuring device, 
wherein at least two different input measuring light 
wavelengths to optically resonant structure 21 are 
used, and wherein ratiometric signal processing of 
the spectrally modulated output light from optically 
resonant structure 21 is also used. For the 
ratiometric second embodiment 2, it has been dis- 
covered that in order to eliminate ambiguity in the 
output light signal from spectral modulation sensor 
22 the maximum length and the maximum mich- 
roshifting of the operating segment on its reflectiv- 
ity curve both may approach but not exceed about 
one full resonance cycle. 

This surprising result allows for a potentially 
wider dynamic response of the ratiometric second 
embodiment 2 as compared to the first embodi- 
ment 1 . That is. the physical parameter being mea- 
sured can drive its optically resonant structure 21 
to modulate its input measuring light a greater 
amount without causing an ambiguity in the spec- 
trally modulated output light signal from its opti- 



cally resonant structure 21. This permits either a 
desirable greater sensitivity of its optically resonant 
structure 21 over a given range of values of interest 
for the physical parameter being measured, or a 
5 desirable greater range of values for the physical 
parameter being measured which are capable of 
being measured by its optically resonant structure 
21. 

In practice, when the maximum length and 

10 microshifting of the operating segment of the re- 
flectivity curve of its optically resonant structure 21 
are desired, the operating segment is preferably 
centered around one of the reflectivity maxima on 
its reflectivity curve. However, if maximum re- 

75 sponse is not needed or desired, the operating 
segment need not be so centered. The length and 
microshifting of its operating segment may be se- 
lected to be considerably less than the maximum 
allowable so as to improve linearity in the output 

20 light signal of optically resonant structure 21 . 

It is noted that the wavelengths of the at least 
two input measuring wavelengths emitted by light 
source 48 of the ratiometric second embodiment 2 
need not be close in wavelength. In fact, they could 

25 be chosen so as to fall on different operating 
segments of the reflectivity curve of optically reso^ 
nant structure 21, which may even have different 
cycle numbers, m. 

Thus, light source 48 could comprise at least 

30 two sources of monochromatic light such as lasers 
or laser diodes. Alternatively it could comprise one 
or more sources of a plurality of wavelengths, such 
as LEO'S or white light sources, along with suitable 
optical filters, as needed, to provide the at least two 

35 input measuring light wavelengths and or 
wavelength bands. 

However, it is preferred for simplicity that light 
source 48 be a single LED whose bandwidth, at the 
input measuring light wavelengths selected, is sub- 

40 stantially less than the resonance cycle length of 
the reflectivity curve of optically resonant structure 
21 . Typical LED's available today meet this criteria 
since they have a bandwidth at one-half their peak 
intensity on the order of 10% of their wavelength of 

45 peak intensity, and thus have a total bandwidth 
substantially less than their wavelength of peak 
intensity. 

Turning to Fig. 5, it schematically illustrates, by 
way of non-limiting example, in curve 86. the inten- 
se sity of the output light of light source 48 as a 
function of wavelength, wherein light source 48 is a 
single LED. Wavelength L2 is. by way of non- 
limiting example, selected to be at or near the most 
intense output wavelength of light from light source 
55 48. Also schematically shown in Fig. 5 is an en- 
larged portion of reflectivity curve 40 taken from 
Fig. 2, which illustrates, by way of non-limiting 
example, operating segment DE on reflectivity 
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curve 40 of optically resonant structure 21; and 
corresponding reflectivity curve 40' and operating 
segment D'E* which result fronn a shift of reflectiv- 
ity curve 40 to the left due to the influence of the 
physical parameter being measured on one of the 
optically sensitive physical characteristics of opti- 
cally resonant structure 21. Reflectivity curve 40 
and Its operating segment DE could also be shifted 
to the right in the same manner, but this is not 
illustrated in Fig. 5 for clarity. 

Thus, as before regarding embodiment 1 of the 
optical measuring device, as the physical param- 
eter being measured changes at least one of the 
optically sensitive physical characteristics of op- 
tcally resonant structure 21 of sensor 22, the op- 
erating segment DE of its reflectivity curve 40 will 
shift left and/or right in response thereto; such left 
and/or right shifts being termed operating segment 
microshifts, as mentioned earlier. 

It has been discovered that such operating 
segment microshifts can be used to accurately 
measure the physical parameter being measured 
and can also be used to eliminate certain measure- 
ment inaccuracies mentioned previously, even 
when optically resonant structure 21 of sensor 22 is 
driven by at least two input measuring light 
wavelengths, such as curve 86, rather than being 
driven by monochromatic light, and even when 
ratiometric signal processing of the output light 
signal from optically resonant structure 21 is uti- 
lized. 

Turning now to Fig. 6, it schematically illus- 
trates, by way of non-limiting example, the output 
light spectrum intensity curve 88 of optically reso- 
nant structure 21 of sensor 22 when it is driven by 
a light source 48, having an output light curve 86 
as shown in Fig. 5, and when optically resonant 
structure 21 has a reflectivity curve 40. It is noted 
that the areas F and G beneath optically resonant 
structure 21 's output curve 88 to the left and right, 
respectively, of wavelength L2 are about equal, with 
a ratio F/G about equal to one. 

Fig. 7 schematically illustrates, by way of non- 
limiting example, optically resonant structure 21 's 
output light spectrum intensity curve 90 when opti- 
cally resonant structure 21 is driven by a light 
source 48 having an output light curve 86 as shown 
in Fig. 5, and when optically resonant structure 21 
has a reflectivity curve 40*. It is noted that the 
areas H and I beneath optically resonant structure 
21* s output curve 90 to the left and right, respec- 
tively, of wavelength L2 are now unequal, with a 
ratio H/l about equal to 2. 

Thus, in general, over a certain range of values 
for the physical parameter being measured, the 
ratio of the left and right areas beneath the output 
light spectrum intensity curves of optically resonant 
structure 21 , such as 88, 90, is a unique function of 



the left and/or right microshifts of the operating 
segment of optically resonant structure 21. Accord- 
ingly, such ratio provides an accurate measure- 
ment of the physical parameter being measured. 

6 The segregation of the output light of optically 

resonant structure 21 into short and long 
wavelength portions to the left and right, respec- 
tively, of wavelength L2 is performed in the manner 
previously discussed. The photodetectors 54, 62 

10 integrate the output of the short and long 
wavelength portions, respectively; while the divider 
circuit 68 takes their ratio by taking the ratio of the 
first and second electrical signals from photodetec- 
tors 54, 62. 

15 It is to be noted that the dividing of the output 

spectrum of optically resonant structure 21 into 
short and long wavelength portions and then taking 
their ratio accomplishes two objectives of the in- 
vention simultaneously. It not only provides an ac- 

20 curate output measuring signal; but also serves to 
cancel out certain inaccuracies to which the optical 
measuring device might otherwise be susceptible, 
as was discussed above. 

25 FIRST EMBODIMENT 22A OF SPECTRAL MODU- 
LATION SENSOR (PRESSURE) 

Turning now to Figs. 8 and 8a, the first em- 
bodiment of a spectral modulation pressure sensor 

30 22A having an optically resonant structure 21 A Is 
illustrated. Optically resonant structure 21 A has the 
same theory, characteristics and operation as does 
optically resonant structure 21, except for any dif- 
ferences which are made apparent by the follow- 

35 ing. 

Sensor 22A comprises a substrate 24, defining 
a cylindrical cavity 26, and has a cover 28 which 
covers cavity 26. Cavity 26 has a reflective bottom 
surface 27, while cover 28 has a reflective inner 

4o surface 29 and an outer surface 25. It is preferred, 
but not required, that the thickness of substrate 24 
between the bottom 27 of its cavity 26 and the end 
of sensor optical fiber 14 be as was discussed 
regarding substrate 9 of sensor 22. 

45 If an absolute pressure sensor 22 A is desired, 

then cavity 26 is preferably evacuated, cover 28 
providing it with a fluid tight seal. Alternatively, if a 
differential pressure sensor 22A is desired, cavity 
26 could fluidly communicate with one source of 

50 pressure through optional conduit 41, while the 
other source of pressure would bear against out- 
side surface 25 of cover 28. Naturally, optional 
conduit 41 is omitted if sensor 22A is to be an 
absolute pressure sensor. 

55 Reflective surfaces 27 and 29 are preferably 

coated with about 100 to 200 Angstroms of a high 
refractive index transparent media, for the same 
reasons indicated regarding sensor 22. 
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Cavity 26, its reflective bottom 27. and reflec- 
tive inner surface 29 of cover 28 form an optically 
resonant structure 21 A. Since cavity 26 is prefer- 
ably evacuated, the index of refraction of its con- 
tents, a vacuum, remains 1.000 at all times. 

As alternative constructions for sensor 22A, it is 
of course possible to form its cavity 26 in its cover 
28, rather than in its substrate 24; or even to form 
its cavity 26 partially in substrate 24 and partially in 
cover 28, without departing from the scope of the 
invention. 

Figure 8b illustrates a sensor 22Aa, which is 
essentially the same as sensor 22A, so similar 
parts have been given the same reference nu- 
merals with an "a" appended, for clarity. Sensor 
22Aa has a cavity 26a formed in its cover 28a; 
cover 28a having an inner reflective surface 29a, 
and an outer surface 25a. Substrate 24a has a 
reflective surface 27a. Reflective surfaces 27a, 29a 
and cavity 26a form optically resonant structure 
21 Aa. If sensor 22Aa is to be a relative pressure 
sensor, conduit 41a is provided; while if sensor 
22Aa is to be an absolute pressure sensor, conduit 
41a is omitted and chamber 26a is evacuated. In 
either event, cover 28 is sealed to substrate 24a. 
like in sensor 22A. 

The manner in which sensor 22A and its opti- 
cally resonant structure 21 A are made will now be 
described. From this description, the manner in 
which sensor 22Aa could be made will be appar- 
ent. 

In order to reduce cost, it is preferred that a 
plurality of sensors 22A with their optically resonant 
structures 21 A be produced simultaneously. By 
way of non-limiting example, it will be presumed 
that the optically resonant structures 21 A have cav- 
ities 26 which are 200 microns in diameter and 
1.27 microns deep. 

The starting point is, for example, a 7740 Pyrex 
glass wafer .275 ± .025 mm (.011 ± .001 inches) 
thick, three inches in diameter, and having both 
surfaces ground and polished to an optical finish, 
such as made by Vogelin Optical Co., Inc. of St. 
Paul, Minnesota. The glass wafer will form the 
substrates 24 of the sensors 22 A. 

The surfaces of the glass wafer are first 
cleaned by washing the glass wafer in hot, soapy 
water; rinsing it with clean water; etching and 
polishing it for one minute in a buffered HF solution 
composed of four parts of a mixture of 3 ml of 
water and 2g NH4F plus 1 part 48% HF solution; 
rinsing it again, and then baking it at 300 • C for i 
hour. 

Using a conventional vacuum deposition pro- 
cess, a layer of chrome 200 Angstroms thick is 
then deposited on the glass wafer. This chrome 
provides a good adhesion surface for the subse- 
quent application of photoresist to the glass wafer. 



Photoresist, such as Microposit 1400-27 
photoresist made by the Shipley Company, located 
in Newton, Massachusetts, is then spin coated on 
the chrome surface of the glass wafer at 3000 rpm; 
5 after which the coated glass wafer is baked at 90 • 
C for i hour. 

Using conventional techniques, a photographic 
mask is then prepared having an array of circles of 
a diameter equal to the desired diameter of the 
70 cavities 26, here 200 microns for example. The 
mask is aligned with the photoresist coated surface 
of the glass wafer; and the mask and glass wafer 
assembly is then exposed. The exposed coated 
glass wafer is then developed with photoresist de- 
is veloper, such as Microdeposit 351CD-23 developer 
made by the Shipley Company; rinsed in water; 
and dried. 

As a result, unprotected circles 200 microns in 
diameter in the photoresist are left on the glass 

20 wafer. The chrome within the unprotected circles in 
the photoresist is lifted off with a chrome etch 
solution composed of one part HCL and one part 
glycerine, leaving circles of unprotected glass 200 
microns in diameter on the surface of the glass 

25 wafer. 

The circles of unprotected glass on the glass 
wafer are then etched for about 20 minutes at 
20.56' C (69* F) with said buffered HF solution to 
produce the cavities 26 which are 1.27 microns 

30 deep, for example. 

It has been discovered that even though the 
bottoms 27 of the cavities 28 are formed by chemi- 
cal etching, they are still flat enough to form an 
adequate reflective surface 27 for the sensor's op- 

35 tcally resonant structure 21 A. 

Using conventional vacuum deposition tech- 
niques, a layer of titanium dioxide 200 Angstroms 
thick is then deposited on the bottom 27 of each 
cavity 26 to increase the reflectivity of the bottoms 

40 27 of the cavities 26. This increases the intensity of 
the modulation of the output light of the optically 
resonant structures 21 A as discussed earlier. 

Then the remaining photoresist and chrome on 
the glass wafer are removed with acetone and with 

45 said chrome etch solution, respectively; after which 
the glass wafer is washed in water and air dried. 

GETTER RINGS FOR FIRST EMBODIMENT 22A 
OF SPECTRAL MODULATION SENSOR 

50 

When pressure is the physical parameter which 
the first embodiment 22A of the spectral modula- 
tion sensor 22 is designed to detect, it is preferred 
that cavity 26 of its optically resonant structure 21 A 
55 be evacuated. This is because evacuating the cav- 
ity 26 renders the optically resonant structure 21 A 
immune to errors that would otherwise arise due to 
changes in temperature if cavity 26 contained 
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some media which significantly expanded or con- 
tracted in response to changes in temperature. 

Naturally, as mentioned previously, if a dif- 
ferential pressure sensor 22A is desired cavity 26 
need not be evacuated . 

Although there are many ways in which the 
cavity 26 can be evacuated, it is preferred to use a 
getter structure in the form of a ring of deposited 
layers of chrome and iron in the bottom of each 
cavity 26 to absorb residual gasses or subsequent 
outgassing in cavity 26 after the initial evacuation 
of cavity 26 is performed. 

The getter rings for cavities 26 in the glass 
wafer are prepared as follows. First the glass wafer 
which has been prepared as described above, is 
baked at 125* C for i hour; spun coated as before 
with photoresist; and baked again at 90* C for i 
hour. 

Then using conventional techniques, a second 
photographic mask is prepared having an array of 
donut shaped masks. Since the cavities 26 are 200 
microns in diameter, for example, the correspond- 
ing donut shaped mask for each cavity 26 would 
have an inner diameter of 140 microns and an 
outer diameter of 190 microns, for example. 

Then, the donut shaped masks on the second 
photographic mask are aligned with the cavities 26 
in the glass wafer; and the mask and glass wafer 
assembly is exposed, as before. The glass wafer is 
then, as before, developed and rinsed; and then 
baked at 90* C for i hour. This leaves an un- 
protected donut shaped hole in the photoresist in 
the bottom 27 of each cavity 26 having an inner 
diameter of 140 microns and an outer diameter of 
190 microns. 

Next, using conventional vacuum deposition 
techniques, a layer of chrome 200 Angstroms thick 
is deposited on the entire glass wafer, followed by 
a layer of iron 800 Angstroms thick being depos- 
ited on the layer of chrome. The chrome helps the 
iron, which is the actual getter material, to adhere 
to the glass wafer. Then the glass wafer is placed 
in acetone and agitated with ultrasound. This re- 
moves the remaining photoresist and also removes 
the chrome and iron, but only the chrome and iron 
which was over said remaining portions of 
photoresist. Finally, the glass wafer is washed with 
detergent: rinsed with water; and dried. 

The getter structure thus left will comprise a 
donut shaped ring of the deposited chrome and 
iron layers with an inner diameter of 140 microns 
and an outer diameter of 190 microns centered in 
the bottom 27 of each cavity 26. Note getter rings 
leave a clear central portion 140 microns in diam- 
eter in the bottom of each cavity 26 through which 
light can pass. As discussed below, after covers 28 
are bonded to cavities 26, the getter rings remove 
gases from cavities 26. 



BONDING COVERS OVER THE CAVITIES FOR 
FIRST EMBODIMENT 22A OF SPECTRAL MODU- 
LATION SENSOR 

5 The covers 28 for cavities 26 of sensors 22A 

will be formed, for example, from a silicon wafer 3 
inches in diameter, about .018 inches thick, and 
etch stopped with 10^° boron atoms/cc^ at a depth 
of 4.0 microns, as sold by Diffusion Technology, 

10 Inc. of Milpitas, California 95035. Thus, the silicon 
wafer comprises an etch stopped layer 4.0 microns 
thick supported by a silicon substrate of much 
greater thickness. 

In the bonding procedure, first the etch stop- 

15 ped side of the silicon wafer has a layer of silicon 
dioxide about 200 Angstroms thick formed on it by 
baking the silicon wafer in an oven at 900 • C for 
one hour, in order to increase the subsequent 
adhesion of the glass wafer to it. as described 

20 subsequently. 

Next, the glass and silicon wafers, which have 
been prepared as previously described, are 
cleaned with warm soapy water, cleaned in an 
ultrasound bath for about 15 minutes, rinsed with 

25 water, rinsed with alcohol, cleaned with alcohol, 
rinsed with alcohol and finally air dried. The etch 
stopped layer of the silicon wafer is then placed on 
and aligned with the surface of the glass wafer 
which bears the cavities 26 to form a silicon and 

30 glass wafer sandwich. 

Then the silicon and glass wafers are bonded 
together by first being placed in a conventional 
vacuum chamber with a positive electrode in elec- 
trical contact with the outer surface of the silicon 

35 wafer and with a negative electrode in electrical 
contact with the outer surface of the glass wafer; 
after which the vacuum chamber is evacuated to 
about 6x10"^ torr for 1 hour. 

The silicon and glass wafer sandwich is then 

40 heated by a heater in the vacuum chamber to. and 
maintained at. 500 • C. While the assembly is at 
this temperature, a bonding voltage is applied to 
the positive and negative electrodes. The bonding 
voltage is ramped from 0-800 VDC, maintained at 

45 800 VDC for about 8-10 minutes until the bonding 
current is stabilized, and then turned off. At this 
time the silicon and glass wafers are now bonded 
together with a fluid tight seal, the silicon dioxide 
layer on the silicon wafer aiding in the bonding 

50 process - 

Then the temperature of the now bonded sili- 
con and glass wafer sandwich is continued to be 
maintained at 500 • C for one-half hour to activate 
the getter rings in the bottoms 27 of cavities 26. As 
55 has been mentioned, the function of the getter 
rings is to remove any residual gasses or subse- 
quent outgassing in cavities 26 after the bonding of 
the silicon and glass wafer sandwich, thereby pro- 
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ducing a very good vacuum in cavities 26. 

Next the heater in the vacuunn channber is 
turned off and when the silicon and glass wafer 
sandwich has cooled to about 300 • C, the vacuunri 
in the vacuum chamber is released. The bonded 
silicon and glass wafer sandwich is removed from 
the vacuum chamber when it has cooled to about 
200* C. 

Then 70% to 80% of the thickness of the 
silicon substrate of the silicon wafer in the bonded 
silicon and glass wafer sandwich is removed by 
mechanical polishing. Next an EDP etchant solution 
is prepared composed of 8 ml water, 17 ml 
ethylenediamine, and 3 g pyrocatechol. The EDP 
etchant solution is heated to approximately 115* C 
and used to chemically etch the pure silicon sub- 
strate away, leaving only its etch stopped layer, 
about 4.0 microns thick, which is bonded to the 
glass wafer and which forms the covers 28 for 
cavities 26. The 4.0 microns thickness is deter- 
mined by periodically checking the thickness of the 
silicon remaining during the etching process, such 
as by measuring light transmission through the 
silicon. 

ADDING LIGHT ABSORBING COATING TO OUT- 
SIDE OF COVERS FOR FIRST EMBODIMENT 22A 
OF SPECTRAL MODULATION SENSOR 

By way of non-limiting example, after the bon- 
ded silicon and glass wafer sandwich Is prepared 
as described above, a light absorbing and/or re- 
flecting coating may then be added to the outer 
surface 25 of the etch stopped layer which forms 
the covers 28 for cavities 26. The light absorbing 
and/or reflecting coating may be formed by using 
conventional vacuum deposition techniques to de- 
posit two or more alternating layers of chrome and 
silicon on the outer surface 25 of the etch stopped 
layer of the silicon and glass wafer sandwich. The 
chrome is deposited first; with each layer of 
chrome and silicon being about 25 and 100 Ang- 
stroms thick, respectively. The purpose of the light 
absorbing and/or reflecting coating is to prevent 
external light from entering optically resonant struc- 
ture 21 A through its cover 28, and to prevent light 
transmitted through optically resonant structure 
21 A into cover 28 from reentering the optically 
resonant structure 21 A from cover 28. 

DICING WAFER SANDWICH INTO INDIVIDUAL 
SENSORS AND MOUNTING SENSORS FOR 
FIRST EMBODIMENT 22A OF SPECTRAL MODU- 
LATION SENSOR 

After the wafer sandwich Is prepared as de- 
scribed above, it is diced or divided into individual 
spectral modulation sensors 22A using convention- 



al techniques. 

In order to mount sensor 22A to the free end of 
sensor optical fiber 14. the free end of sensor 
optical fiber 14 is first cleaved, or ground and 

5 polished to be optically flat. Then the sensor 22A is 
mounted to the free end of sensor optical fiber 14 
by using an adhesive having a suitable index of 
refraction, such as adhesive #415 made by the 
American Chemical and Engineering Company of 

10 Torrington, Connecticut. Preferably, the index of 
refraction of such adhesive is one which matches 
the Indices of refraction of sensor optical fiber 14 
and substrate 24 of sensor 22A as closely as 
possible. 

75 

CALIBRATION OF FIRST EMBODIMENT 22A OF 
SPECTRAL MODULATION SENSOR 

After sensor 22A is mounted on the end of 
20 sensor optical fiber 14 of either the first or second 
embodiment 1, 2 of the optical measuring device, 
sensor 22A can be easily calibrated by subjecting 
it to a series of known pressures and noting the 
corresponding outputs at output terminal 36 or 74.. 

25 

OPERATION AND THEORETICAL CONSIDER- 
ATIONS FOR FIRST EMBODIMENT 22A OF 
SPECTRAL MODULATION SENSOR _ 

30 The first embodiment 22A of the spectral mod- 

ulation sensor which is shown in Figs. 8, 8a and 8b 
is useable with either embodiment 1 or 2 of the 
optical measuring device to measure pressure by 
mounting it, as has been described, to the free end 

35 of sensor optical fiber 14 in lieu of spectral modula- 
tion sensor 22 seen in Figs. 1 and 4. 

Sensor 22A's operation as an absolute pres- 
sure sensor will first be described. When sensor 
22A is subjected to an externa! pressure, cover 28 

40 over evacuated cavity 26 will be bowed inwardly 
towards the reflective bottom 27 of cavity 26 to a 
greater or lesser degree depending on the amount 
of external pressure. As the external pressure on 
cover 28 increases, such bowing increases; and as 

45 the external pressure decreases, the bowing de- 
creases and becomes zero when the external pres- 
sure is zero. 

Accordingly, as the external pressure on cover 
28 increases, the distance between reflective sur- 

50 faces 27. 29 of optically resonant structure 21 A 
decreases. Conversely, as the external pressure on 
cover 28 decreases, the distance between reflec- 
tive surfaces 27, 29 of optically resonant structure 
21 A increases and becomes a maximum when the 

55 external pressure is zero. 

When sensor 22A Is operated as a differential 
pressure sensor, one source of pressure is fluidly 
communicated to cavity 26. such as through con- 
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duit 40, while surface 25 of cover 28 is exposed to 
a second source of pressure. When the pressure 
on surface 25 exceeds that within cavity 26, opera- 
tion of differential sensor 22A is similar to that 
described above regarding absolute pressure sen- 
sor 22A. That is, cover 28 will bow inwardly to- 
wards the reflective bottom 27 of cavity 26 when 
pressure on surface 25 of cover 28 exceeds that 
within cavity 26, the amount of bowing depending 
on the pressure differential, and will not bow at all 
when the pressure differential is zero. However, 
when the pressure within cavity 26 is greater than 
that on surface 25 of cover 26 cover 28 will bow 
outwardly, the amount of bowing again depending 
on the pressure differential. 

For sensor 22A, whether used as an absolute 
or differential pressure sensor, bowing of cover 28 
in response to pressure causes changes in the 
distance between reflective surfaces 27, 29 of op- 
tcally resonant structure 21 A which, in turn, pro- 
duce corresponding microshifts in the reflectivity 
curve and operating segment(s) of optically reso- 
nant structure 21 A as a function of the pressure to 
which sensor 22A is subjected, much in the man- 
ner previously described regarding sensor 22. As a 
result, output light from sensor 22A is spectrally 
modulated as a function of the pressure to which 
sensor 22A is subjected and carries accurate in- 
formation regarding such pressure. 

It is worthy to note that an ideal optically reso- 
nant structure comprises spaced apart reflective 
surfaces which are parallel. But from the above it is 
seen that optically resonant structure 21 A is far 
from ideal, because for any given absolute or dif- 
ferential pressure being detected reflective surface 
29 of cover 28 is bowed inwardly or outwardly a 
corresponding amount. Since bottom reflective sur- 
face 27 of cavity 26 is flat to within about 150 
Angstroms or to within about 1/20th of the average 
wavelength of input measuring light to sensor 22A, 
bowed reflective surface 29 is not parallel to reflec- 
tive surface 27. Instead, the distance between re- 
flective surfaces 27, 29 varies with radial position 
from the center of cavity 26 and cover 28. Accord- 
ingly, light reflected from optically resonant struc- 
ture 21 A will be composed of a complex mixture of 
light which has been spectrally modulated to a 
greater or lesser degree according to the radial 
position from which each particular light ray has 
been reflected from reflective surface 29. 

Nevertheless, it has been discovered that ac- 
curate measurements of pressure can be made by 
sensor 22A even though when reflective surface 29 
of its optically resonant structure 21 A is bowed by 
the sensed pressure it is not parallel to the reflec- 
tive bottom 27 of cavity 26. 

Fig. 9 illustrates graphically in curve 42 a mea- 
surement of absolute pressure by a sensor 22A 



when constructed in accordance with the teachings 
herein, and when used with embodiment 2 of the 
optical measuring device. The output measuring 
signal is measured in arbitrary units. 

5 

SECOND EMBODIMENT 22B OF SPECTRAL 
MODULATION SENSOR (GAS DENSITY) 

It should be noted that sensor 22A is easily 
10 modified to form the gas density sensor 22B seen 
in Figs. 10 and 10a. Gas density sensor 22B is the 
same in all respects as pressure sensor 22A, ex- 
cept for those differences which will be made ap- 
parent from the discussion below, so like parts 
75 have been given the same reference numerals for 
clarity. In sensor 22B a small aperture 19 or 23 has 
been provided, as shown, in either its cover 28 or 
its substrate 24. respectively, which permits the 
gas to be sensed to enter its cavity 26. In such 
20 event, its optically resonant structure 21 B would 
comprise reflective surfaces 27, 29 and the gas 
within cavity 26. In general, the index of refraction 
of the gas in cavity 26 is a function of its density, 
with changes in the density of the gas in cavity 26 
25 causing a corresponding change in such gas's in- 
dex of refraction. 

Such changes in the index of refraction of 
optically resonant structure 218 produce corre- 
sponding microshifts in the reflectivity curve and 
30 operating segment(s) of optically resonant structure 
21 8 as a function of the density of the gas in cavity 
26. As a result, output light from sensor 22B is 
spectrally modulated by optically resonant struc- 
ture 21 B as a function of the density of the gas in 
35 cavity 26, and carries accurate information regard- 
ing such density. 

The distance between reflective surfaces 27, 
29 would not be expected to change during use of 
sensor 228 since the sensor's internal and external 
40 pressure would equalize through aperture 19 or 23. 
Naturally, since gas density sensor 22B is not 
evacuated, no getter ring in its cavity 26 is needed. 
Sensor 228 is useable with either embodiment 1 or 
2 of the optical measuring device as was described 
45 regarding sensor 22A. 

THIRD EMBODIMENT 22C OF SPECTRAL MODU- 
LATION SENSOR (TEMPERATURE) 

50 Referring now to Figs. 11 and 11a, the third 

embodiment 22C of spectral modulation sensor 22 
is a temperature sensor 22C having an optional 
substrate 92 with a peripheral edge 99. Substrate 
92 supports a layer of sensitive media 94 having 

55 reflective inner and outer surfaces 96. 98, and a 
peripheral edge 100. Substrate 92 is similar in ail 
respects to substrate 9 of sensor 22 discussed 
previously. Sensitive media 94, with its reflective 
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Inner and outer surfaces 96, 98 forms an optically 
resonant structure 21 C. 

It is preferred that external light does not enter 
optically resonant structure 21 C. Accordingly, the 
external surface 98 of sensitive media 94 and pe- 
ripheral edges 99, 100 may have a light absorbing 
and/or reflecting coating deposited on them. Alter- 
natively, a light blocking housing, such as made 
from metal or some other heat conducting, light 
blocking material, could be secured in place over 
sensor 22C and the end portion of sensor optical 
fiber 1 4 to exclude undesired external light. 

Sensor 22C is useable with either embodiment 
1 or 2 of the optical measuring device to measure 
temperature by mounting it to the free end of 
sensor optical fiber 14, in the manner indicated 
regarding sensor 22A, In lieu of sensor 22 seen in 
Figs. 1 and 4. Alternatively, sensor 22C could be 
mounted to sensor optical fiber 14 reversed, such 
that sensitive media 94, rather than substrate 92. 
contacts sensor optical fiber 14. Alternatively, sen- 
sor 22C may not include substrate 92 at all, in 
which case sensitive media 94 is mounted directly 
to the free end of sensor optical fiber 14. 

By way of non-limiting example, two forms of 
temperature sensor 22C will be discussed. 

In the first form of temperature sensor 22C, 
sensitive media 94 is a layer of silicon 0.7 microns 
thick, and preferably having both inner and outer 
surfaces optically flat to within l/20th of the aver- 
age wavelength of the input light to sensor 22C. 
Substrate 92 is a layer of 7740 Pyrex glass. 

Preferably a plurality of such sensors 22C are 
made simultaneously by selecting wafers of 7740 
Pyrex glass and silicon; bonding them together; 
polishing and etching the silicon wafer to the de- 
sired thickness; applying the light absorbing and/or 
light reflective coating; and dicing the wafer sand- 
wich in a manner similar to that described earlier 
regarding pressure sensor 22A. 

In use, light entering the inner surface 96 of 
optically resonant structure 21 C from sensor optical 
fiber 14 is internally reflected between its reflective 
surfaces 96, 98. As the temperature of silicon layer 
94 changes, the index of refraction of the silicon 
layer 94 also changes. 

Such changes in the index of refraction of 
optically resonant structure 21 C produce corre- 
sponding microshifts in the reflectivity curve and 
operating segment(s) of optically resonant structure 
21 C as a function of the temperature to which 
sensor 22C is subjected, much in the manner pre- 
viously described regarding sensor 22. As a result, 
output light from sensor 22C is spectrally modu- 
lated by its optically resonant structure 21 C as a 
function of the temperature to which sensor 22C is 
subjected and carries accurate information regard- 
ing such temperature. 



In lieu of silicon, sensitive media 94 could be 
made from any other material having an index of 
refraction which varies significantly over the mea- 
surement temperature range of Interest, such as 
5 semiconductor materials besides silicon, certain 
glasses and plastic films. 

The second form of temperature sensor 22C is 
the same in all respects as the first form just 
described, except for the differences which will 
10 become apparent from the following discussion. 

In the second form, sensitive media 94 com- 
prises a layer of material preferably having a rela- 
tively high temperature expansion coefficient, such 
as polyvinyl chloride or polyethylene. Substrate 92 
75 may, again, be a layer of 7740 Pyrex glass. 

In use, light entering the inner surface 96 of 
optically resonant structure 21 C from sensor optical 
fiber 14 is internally reflected between its reflective 
surfaces 96, 98. As the temperature of sensitive 
20 media 94 changes, it expands or contracts, thereby 
changing the distance between reflective surfaces 
96. 98. 

Such changes in the distance between reflec- 
tive surfaces 96. 98 of optically resonant structure 

26 21 C produce corresponding microshifts in the re- 
flectivity curve and operating segment(s) of opti- 
cally resonant structure 21 C as a function of the 
temperature to which sensor 22C is subjected, 
much in the manner previously described regard- 

30 ing sensor 22. As a result, output light from sensor 
22C is spectrally modulated by its optically reso- 
nant structure 21 C as a function of the temperature 
to which sensor 22C is subjected and carries ac- 
curate information regarding such temperature. 

35 

FOURTH EMBODIMENT OF SPECTRAL MODU- 
LATION SENSOR (pH) (MODIFIED FORM OF 
TEMPERATURE SENSOR 22C) 

40 h should be noted that temperature sensor 220 

may be modified to form a pH sensor. This is done 
by making sensitive media 94 from a glass or other 
material which will contract or swell in response to 
changes in pH. It is noted that pH sensor 220 is 

45 identical to temperature sensor 22C discussed 
above in all regards, except for this difference and 
the differences made apparent by the discussion 
which follows. 

In pH sensor 220, sensitive media 94 may be 

50 made from type 015 pH sensitive glass made by 
Corning Glass Co.. located in Corning. New York, 
The pH sensitive glass layer 94 and its reflective 
surfaces 96. 98 form optically resonant structure 
210. 

55 In operation, as pH sensitive glass layer 94 

contracts or swells in response to changes in pH, 
the reflective surfaces 96, 98 of its optically reso- 
nant structure 210 will move closer together or 
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farther apart in response to changes in pH. Such 
changes in the distance separating reflective sur- 
faces 96. 98 produce corresponding microshifts in 
the reflectivity curve and operating segment(s) of 
optically resonant structure 21 C as a function of the 
pH to which pH sensor 22C is subjected, rwudn in 
the manner previously described regarding sensors 
22 and 22A. As a result, output light fronn pH 
sensor 22C is spectrally modulated by its optically 
resonant structure 21 C as a function of the pH to 
which pH sensor 22C is subjected and carries 
accurate infornnation regarding such pH. 

FIFTH EMBODIMENT 22D OF SPECTRAL MODU- 
LATION SENSOR (CHEMICAL) 

Turning now to Figs. 12 and 12a, a fifth em- 
bodinnent 22D of spectra! modulation sensor 22 is 
illustrated, having a substrate 104, a cavity 106 
with a reflective bottom 107, and a cover 108 with 
a reflective inner surface 112. Alternatively, cavity 
106 could be formed in cover 108, or in both cover 
108 and substrate 104, as was described regarding 
sensor 22A, see sensor 22Aa of Fig. 8b. Cover 108 
is selected to be permeable to the physical param- 
eter being measured, while cavity 106 is filled with 
a sensitive media 110 whose physical properties 
change in response to the physical parameter be- 
ing measured. Optically resonant structure 21 D of 
sensor 22D comprises reflective surfaces 107. 112 
and sensitive media 110. Spectral modulation sen- 
sor 22D is secured to the end of sensor optical 
fiber 14 as was sensor 22A, and is useable with 
either embodiment 1 or 2 of the optical measuring 
device to measure sensed chemical species, I.e. 
atoms, molecules and ions. 

By way of non-limiting example, cover 108 
may be made of a metal or other material vapor 
deposited in a pattern with holes on the outer 
surface of sensitive media 110, microporous glass, 
or a material such as silicon, with a pattern of holes 
etched, or otherwise fabricated, through it to allow 
communication between the sensitive media 110 
and the external environment. Alternatively, cover 
108 may be made of an ion or gas selective 
membrane, such as a permeable or semipermea- 
ble membrane, and may be. by way of non-limiting 
example, a polymeric material such as polyethyl- 
ene, cellulose acetate, or Silastic (manufactured by 
Dow Corning Corp.). Such an alternative cover 108 
may, by way of non-limiting example, be formed 
by spin or dip coating or vacuum depositing such 
membrane on substrate 104 and sensitive media 
110. Substrate 104 and cavity 106 may be fab- 
ricated as were substrate 24 and cavity 26 of 
sensor 22A. The thickness and presence of sub- 
strate 104 between reflective surface 107 and the 
end of sensor optical fiber 14 is subject to the 



same parameters described regarding substrate 9 
of sensor 22. 

In a first instance, sensitive media 110 is cho- 
sen such that it contracts and/or swells In response 
5 to the concentration or presence of the physical 
parameter being measured, namely sensed chemi- 
cal species such as pH, p02, PCO2, certain ions, 
etc. In this instance, cover 108 may be bonded to 
substrate 104 and be chosen to be flexible. 
70 In operation, such contraction or swelling of 

sensitive media 110 will cause cover 108 to bow 
inwardly and/or outwardly to a greater or lesser 
degree. As a result, optically resonant structure 
210 will spectrally modulate the output light from 
15 sensor 22D as a function of the concentration or 
the presence of the sensed chemical species, 
much as was described regarding pressure sensor 
22A. As a result, spectrally modulated output light 
from optically resonant structure 21 D carries in- 
20 formation as to the concentration or presence of 
the sensed chemical species. 

Alternatively, in this first instance, cover 108 
need not be bonded to substrate 104 and may 
extend over only the outer surface of sensitive 
25 media 110. Here again, optically resonant structure 
21 D comprises reflective surfaces 107. 112 and 
media 110. In this event contraction or swelling of 
sensitive media 110 may not bow cover 108 and Its 
reflective surface 112, but may instead displace 
30 cover 108 and its reflective surface 112 closer to or 
further away from reflective surface 107 in a more 
or less parallel fashion, thereby still spectrally mod- 
ulating the output light from sensor 22D as a func- 
tion of the sensed chemical species, much in the 
35 same manner described regarding sensor 22 and 
pressure sensor 22A. 

Alternatively, in this first instance, cover 108 
may be eliminated and the outer surface of sen- 
sitive media 110 treated, if desired, to increase its 
40 reflectivity. In such event, optically resonant struc- 
ture 21 D would comprise sensitive media 110, its 
outer surface and surface 107. It would spectrally 
modulate the output light from sensor 22D when 
contraction or swelling of sensitive media 110 
45 moves its outer surface and surface 107 closer 
together or further apart, much in the same manner 
described regarding sensors 22 and 22A- 

Alternatively, in this first instance, with refer- 
ence to Rgs. 11 and 11a, a flat substrate 92 could 
50 be used instead of substrate 104 and have placed 
on it a thin coating of sensitive media 110, in lieu 
of sensitive media 94, such as by vapor deposition 
or spin coating. Naturally, substrate 104 could be 
eliminated, as discussed regarding substrate 9 of 
55 sensor 22A. and sensitive media 110 could be 
placed directly on the end of sensor optical fiber 
14. Surface reflectivity of outer surface of sensitive 
media 110 may be enhanced by the use of any 
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conventional technique. In this alternative form, op- 
tically resonant structure 21 D v^ould comprise the 
layer of sensitive media 1 1 0 and its inner and outer 
reflective surfaces corresponding to reflective sur- 
faces 96, 98 of sensor 22C. Spectral modulation 
results when contraction or swelling of sensitive 
media 110 moves its reflective surfaces closer to- 
gether or further apart, much in the manner de- 
scribed regarding sensor 22 and pressure sensor 
22A. 

By way of non-limiting example regarding the 
first instance, sensitive media 110 is a silicone 
rubber made by Dow Corning Corp. located in 
Midland, Michigan. Cavity 106 is filled with the 
silicone rubber by first evacuating cavity 106 and 
then allowing prepoiymerized but unset silicone 
rubber to flow into cavity 1 06. 

As is known, when silicone rubber is exposed 
to the physical parameter here being measured, 
namely certain chemical species, particularly sol- 
vents such as ethyl ether or chloroform, the sili- 
cone rubber will swell and/or contract, depending 
on the concentration of the sensed chemical spe- 
cies. 

In a second Instance, sensitive media 110 Is 
chosen such that its index of refraction changes as 
a function of the concentration and/or presence of 
the physical parameter being measured, namely 
sensed chemical species such as pH. pOa. pC02 
certain ions, etc. Cover 108 Is preferably selected 
such that it will not deflect significantly during use 
of such a sensor 22D. 

In operation, such changes in the index of 
refraction of sensitive media 110 cause optically 
resonant structure 21 D to spectrally modulate the 
output light from sensor 22D as a function of the 
concentration or presence of the sensed chemical 
species, much as was described regarding sensor 
22C. As a result, spectrally modulated output light 
from optically resonant structure 21 D carries in- 
formation as to the concentration or presence of 
the sensed chemical species. 

Alternatively, in this second instance, cover 108 
may be eliminated, and the outer surface of its 
sensitive media treated, it desired, to increase its 
reflectivity. In such event, optically resonant struc- 
ture 21 D comprises sensitive media 110 and its 
inner and outer reflective surfaces. It would spec- 
trally modulate the output light from sensor 22D 
when the index of refraction of sensitive media 110 
changed, much in the same manner described 
regarding sensor 22C. 

Alternatively, in this second instance, with ref- 
erence to Figs. 11 and 11a, a flat substrate 92 
could be used instead of substrate 104 and have 
placed on it a thin coating of sensitive media 110. 
in lieu of sensitive media 94, such as by vapor 
deposition, or spin or dip coating. Naturally, sub- 



strate 104 could be eliminated, as discussed re- 
garding substrate 9 of sensor 22A, and sensitive 
media 110 could be placed directly on the end of 
sensor optical fiber 14. Surface reflectivity of outer 

5 surface of sensitive media 110 may be enhanced 
by the use of any conventional technique. In this 
alternative form, optically resonant structure 21 D 
would comprise the layer of sensitive media 110 
and its inner and outer reflective surfaces cor- 

10 responding to reflective surfaces 96, 98 of sensor 
22C. Spectral modulation results when the index of 
refraction of sensitive media 110 changes as a 
function of the concentration or presence of the 
sensed chemical species, much in the manner as 

75 described regarding temperature sensor 220. 

By way of non-limiting example regarding the 
second instance, sensitive media 110 is selected to 
be a polymeric media, such as polystyrene that 
has been copolymerized with an indicator sub- 

20 stance such as methylene blue. 

In use. the sensed chemical species will cause 
changes in the indicator substance in polymeric 
media 110, by interacting with such indicator sub- 
stance, thereby changing the index of refraction of. 

25 polymeric media 110. When the sensor 22D is. 
constructed as described in this example it will 
measure hydrogen ion or oxygen gas concentra- 
tion. 

In a third instance, sensitive media 110 is cho- 

30 sen such that It is a first solvent or a first sol- 
vent/solute solution, and cover 108 is bonded to 
substrate 104. In use, sensor 22D is immersed in a 
second solvent or second solvent/solute solution 
which need not necessarily be the same as the first 

35 solvent or first solvent/solute solution. The sensed 
chemical species is at least one of the components 
of the solutes in the first and/or second sol- 
vent/solute solutions. Cover 108 is a membrane 
which is semipermeable to at least one of the first 

40 and/or second solvents and/or at least one of the 
components of the solutes in the first and/or sec- 
ond solvent/solute solutions. 

In use, differences in the ion concentration 
across cover 108 will cause an osmotic pressure 

45 difference that, in turn, causes cover 108 to bow 
inwardly and/or outwardly as a function of the 
sensed chemical species. Such bowing of cover 
108 will cause optically resonant structure 21 D to 
spectrally modulate the output light from sensor 

50 22D as a function of the concentration or presence 
of the sensed chemical species, much as was 
described regarding sensor 22A. As a result, spec- 
trally modulated output light from optically resonant 
structure 21 D carries information as to the con- 

55 centration or presense of the sensed chemical spe- 
cies. 

By way of non-limiting example regarding the 
third instance, sensitive media 110 is an aqueous 
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solution of a salt, while semipermeable cover 108 
is made from Nation, which is a sultonated 
fluorocarbon compound made by Dow Chemical 
Co. of Midland, Michigan. A sensor 22D with this 
construction will detect the concentration or pres- 
ence of various dissolved salts In water. 

TRANSMISSION EMBODIMENTS OF THE OPTI- 
CAL MEASURING DEVICE 

Referring now to Figs. 13 and 14, the third and 
forth embodiments of the optical measuring device 
are illustrated. They are the same, respectively, as 
the first and second embodiments of the optical 
measuring device illustrated in Figs. 1 and 4, ex- 
cept for differences which will be made apparent 
from the following discussion, so the same refer- 
ence numerals for the same parts are used in the 
corresponding figures. 

In Figs. 13 and 14 separate input and output 
optical fibers 14, 16 are used with spectral modula- 
tion sensor 22, as seen. The input measuring light 
from light source 10 or 48 is conveyed by input 
optical fiber 14 to spectral modulation sensor 22 
where it is spectrally modulated by optically reso- 
nant structure 21 as a function of the physical 
parameter being measured. Spectrally modulated 
output light from sensor 22 is conveyed by output 
optical fiber 16 to the detection means where it is 
converted into an electrical output measuring signal 
at output terminals 36, 74 in the manner previously 
discussed regarding Figs. 1 and 4. 

Figs. 13 and 14 illustrate transmission embodi- 
ments of the optical measuring device since the 
input measuring light to sensor 22 is spectrally 
modulated as it passes through optically resonant 
structure 21 in sensor 22, rather than being spec- 
trally modulated as it is reflected from optically 
resonant structure 21 in sensor 22 as was the case 
regarding the reflectivity embodiments of the op- 
tical measuring device seen in Figs. 1 and 4. 

As is known, T 1-R, where T equals the light 
transmitted through optically resonant structure 21, 
while R equals the reflectivity of optically resonant 
structure 21 , as has been mentioned. 

It then follows that the transmission curve for 
optically resonant structure 21 would be the same 
as its reflectivity curve, except it is 180' out of 
phase. That is. the transmission curve has a maxi- 
ma where the reflectivity curve has a minima, and 
vice versa. 

Shifting of the transmission curve right and/or 
left as a function of any of the optically sensitive 
physical characteristics of optically resonant struc- 
ture 21 are again termed microshifts. In addition, all 
of the other definitions and explanations previously 
given regarding the reflectivity curve of optically 
resonant structure 21 and the reflectivity first and 



second embodiments of Figs. 1 and 4 of the optical 
measuring device, such as regarding theory, opera- 
tion. Input measuring light, resonance cycle, and 
operating segment apply equally well to the trans- 

5 mission curve of optically resonant structure 21 
and the transmission embodiments of Figs. 13 and 
14 of the optical measuring device, except for any 
differences apparent to those of ordinary skill in the 
art, such as that, regarding the transmission em- 

70 bodiment of Fig. 14, it is preferred that the length 
and the microshifting of the operating segment be 
centered around a minima on the transmission 
curve if it is desired to utilize the maximum length 
and the maximum microshifting possible without 

15 generating ambiguous spectrally modulated output 
light from spectral modulation sensor 22. 

Turning now to the specific transmission em- 
bodiments of the spectral modulation sensor 22 
seen in Figs 15-1 8a inclusive, they correspond, 

20 respectively, to the reflectivity embodiments of 
spectral modulation sensor 22 seen in Rgs. 8-8b 
and 10-1 2a, inclusive. 

Regarding the transmission embodiments of 
spectral modulation sensor 22 seen in Figs. 15- 

25 16a, inclusive. 18 and 18a, input optical fiber 14 is 
connected to one side of spectral modulation sen- 
sors 22A, 22Aa. 22B, and 22D as seen therein. As 
also seen therein, output optical fiber 16 is con- 
nected to and spaced away from the other side of 

30 Spectral modulation sensors 22A. 22Aa, 22B, and 
22D by one or more spacers 114. Spacers 114 
also permit the environment access to the outer 
surface of covers 28, 108. Spacers 114 are by way 
of non-limiting example since any other form of 

35 connector spacer which permitted optical and 
physical coupling of sensor 22 with output optical 
fiber 16, while allowing environmental access to the 
outer surface of covers 28, 108 would serve equal- 
ly well. 

40 Regarding the transmission embodiment of the 

spectral modulation sensor 22C seen in Figs. 17 
and 17a, input and output optical fibers 14, 16, 
respectively, are connected to opposite sides of 
sensor 22C, as seen. 

45 It is noted spectral modulation sensors 22A- 

22D seen in the transmission embodiments of Figs. 
15-1 8a are identical to spectral modulation sensors 
22A-22D seen in the reflectivity embodiments of 
Figs 8-8b and 10-1 2a, respectively. The only dlf- 

50 ference between these transmission and reflectivity 
embodiments Is the manner in which light is input- 
ted to and outputted from them. Accordingly, 
everything said previously regarding sensors 22A- 
22D regarding the reflectivity embodiments of Figs. 

55 1-1 2a applies equally to the transmission embodi- 
ments of Figs. 13-1 8a, except for any differences 
apparent to those of ordinary skill in the art, such 
as that outer surfaces 25, 25a, 98 and 116 of 
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sensors 22A-22D would not have a light absorbing 
and/or excluding layer or cover applied to them 
regarding the transmission embodiments of Rgs. 
13-1 8a, because to do so would prevent spectrally 
modulated output light from reaching output optical 
fiber 16. 

From the foregoing various further applications, 
modifications, and adaptations of the various ap- 
paratus and methods disclosed by the foregoing 
preferred embodiments of the present invention will 
be apparent to those skilled in the art to which it 
pertains, within the scope of the claims which are 
appended hereto. All embodiments, examples, al- 
ternatives and the like set forth herein are strictly 
by way of non-limiting example. 

Claims 

1. A spectral modulation sensor for sensing a 
range of values for a sensed physical param- 
eter; wherein said spectral modulation sensor 
comprises an optically resonant structure 
means; wherein said optically resonant struc- 
ture means Is adapted to receive input mea- 
suring light from a light source means through 
a light transmission means; wherein said opti- 
cally resonant structure means has an optically 
sensitive physical characteristic which changes 
as a function of said sensed physical param- 
eter; wherein said optically resonant structure 
means is for spectrally modulating said input 
measuring light as a function of said optically 
sensitive physical characteristic to produce 
spectrally modulated output light which is 
spectrally modulated as a function of said 
sensed physical parameter; wherein said 
sensed physical parameter comprises a 
sensed chemical species; wherein said opti- 
cally resonant structure means comprises a 
body means defining a cavity having at least 
one reflective surface means; wherein said 
cavity is at least partially filled with a layer of 
sensitive media which is responsive to said 
sensed chemical species and which responds 
to said sensed chemical species by changing 
its volume as a function of said sensed chemi- 
cal species; wherein said layer of sensitive 
media has a reflective surface means which is 
opposite said at least one reflective surface 
means; wherein said change in volume dis- 
places said reflective surface means of said 
layer of sensitive media as a function of said 
sensed chemical species; wherein said opti- 
cally sensitive physical characteristic com- 
prises the distance between said at least one 
reflective surface means of said cavity and 
said reflective surface means of said layer of 
sensitive media; and wherein said distance is a 



function of said displacement of said reflective 
surface means of said layer of sensitive media. 

2. The spectral modulation sensor according to 
5 claim 1, wherein said optically resonant struc- 
ture means further comprises cover means 
having at least one interior reflective surface 
means extending over at least a portion of said 
reflective surface means of said layer of sen- 

10 sitive media, to increase the sensitivity of said 

spectral modulation sensor. 

3. A spectral modulation sensor for sensing a 
range of values for a sensed physical param- 

75 eter; wherein said spectral modulation sensor 

comprises an optically resonant structure 
means; wherein said optically resonant struc- 
ture means is adapted to receive input mea- 
suring light from a light source means through 

20 a light transmission means; wherein said opti- 

cally resonant structure means has an optically 
sensitive physical characteristic which changes 
as a function of said sensed physical param- 
eter; wherein said optically resonant structure- 

25 means is for spectrally modulating said input 

measuring light as a function of said optically 
sensitive physical characteristic to produce, 
spectrally modulated output light which is ^ 
spectrally modulated as a function of said 

30 sensed physical parameter; wherein said opti- 

cally resonant structure means comprises a 
body means defining a cavity in which a layer 
of sensitive media is disposed; and wherein 
said optically sensitive physical characteristic 

35 comprises the index of refraction of said layer 

of sensitive media. 

4. The spectral modulation sensor according to 
claim 3, wherein said layer of sensitive media 

40 includes opposed first reflective surface 

means, and wherein said optically resonant 
structure means further comprises: cover 
means extending over at least a portion of said 
cavity; and Interior reflective surface means 

45 facing at least one of said opposed first reflec- 

tive surface means of said layer of sensitive 
media. 

5. The spectral modulation sensor according to 
50 claim 4. wherein said interior reflective surface 

means face both of said opposed first reflec- 
tive surface means of said layer of sensitive 
, media. 

55 6. A spectral modulation sensor for sensing a 
range of values for a sensed physical param- 
eter; wherein said spectral modulation sensor 
comprises an optically resonant structure 
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means; wherein said optically resonant struc- 
ture means is a adapted to receive input mea- 
suring light from a light source means through 
a light transmission means; wherein said opti- 
cally resonant structure means has an optically 
sensitive physical characteristic which changes 
as a function of said sensed physic parameter; 
wherein said optically resonant structure 
means is for spectrally modulating said input 
measuring light as a function of said optically 
sensitive physical characteristic to produce 
spectrally modulated output light which is 
spectrally modulated as a function of said 
sensed physical parameter; and wherein said 
optically resonant structure means comprises a 
layer of sensitive media having opposed first 
reflective surface means. 

7. The spectral modulation sensor according to 
claim 6. wherein said spectral modulation sen- 
sor further comprises second reflective surface 
means adjacent at least one of said opposed 
first reflective surface means of said layer of 
sensitive media, to increase the sensitivity of 
said spectral modulation sensor. 

8. The spectral modulation sensor according to 
any of claims 6-7, wherein said sensor further 
comprises a body means; wherein said body 
means comprises a substrate which is bonded 
to said layer of sensitive media; wherein said 
substrate is adapted to mount said layer of 
sensitive media to said light transmission 
means; and wherein said substrate is selected 
to have a thermal expansion coefficient similar 
to the thermal expansion coefficient of said 
layer of sensitive media to help prevent dam- 
age to said layer of sensitive media which 
might otherwise be caused by thermal excur- 
sions of said spectral modulation sensor during 
use. 

9. The spectral modulation sensor according to 
any of claims 6 - 8, wherein said layer of 
sensitive media is anodically bonded to either 
said light transmission means or to said sub- 
strate, as the case may be, to help prevent 
damage to said layer of sensitive media which 
might otherwise be caused by thermal excur- 
sions of said spectral modulation sensor during 
use. 

10. The spectral modulation sensor according to 
any of claims 6 - 9, wherein said optically 
sensitive physical characteristic comprises the 
index of refraction of said layer of sensitive 
media. 



11. The spectral modulation sensor according to 
any of claims 3-5 and 10, wherein said 
sensed physical parameter comprises tem- 
perature; and wherein said layer of sensitive 

5 media has an index of refraction which is a 

function of temperature. 

12. The spectral modulation sensor according to 
claim 11, wherein said layer of sensitive media 

10 comprises a glass or a plastic film. 

13. The spectral modulation sensor according to 
any of claims 3-5 and 10, wherein said 
sensed physical parameter comprises a 

75 sensed chemical species; and wherein said 

layer of sensitive media has an index of refrac- 
tion which is a function of said sensed chemi- 
cal species. 

20 14. The spectral modulation sensor according to 
claim 13, wherein said sensed chemical spe- 
cies comprises any of pH, pOz or pCOa. 

15. The spectral modulation sensor according to 
25 claim 13. wherein said wherein said layer of 

sensitive media comprises a polymeric media. 

18. The spectral modulation sensor according to 
claim 15, wherein said wherein said polymeric 

30 media comprises polystyrene; and wherein 

said polystyrene has been copolymerized with 
an indicator material comprising methylene 
blue. 

35 17. The spectral modulation sensor according to 
any of claims 15 - 16, wherein said sensed 
chemical species comprises hydrogen ion or 
oxygen gas. 

40 18. The spectral modulation sensor according to 
any of claims 6-9, wherein said optically 
sensitive physical characteristic comprises the 
distance between said opposed first reflective 
surface means of said layer of sensitive media. 

45 

19. The spectral modulation sensor according to 
any of claims 1 - 2 and 18. wherein said 
sensed physical parameter comprises tem- 
perature; wherein said layer of sensitive media 

50 has a thickness which is a function of the 

temperature to which said layer of sensitive 
media is exposed; and wherein said distance is 
a function of the temperature to which said 
layer of sensitive media is exposed. 

55 

20. The spectral modulation sensor according to 
claim 19, wherein said layer of sensitive media 
comprises polyvinyl chloride or polyethylene. 
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21. The spectral modulation sensor according to 
any of claims 1-2 and 18. wherein said 
sensed physical parameter comprises pH; 
wherein said layer of sensitive media has a 
thickness which is a function of the pH to 
which said layer of sensitive media is exposed; 
and wherein said distance is a function of the 
pH to which said layer of sensitive media is 
exposed. 

22. The spectral modulation sensor according to 
claim 21, wherein said layer of sensitive media 
comprises a glass. 

23. The spectral modulation sensor according to 
claim 22, wherein said glass comprises type 

.015 pH sensitive glass made by the Corning 
Glass Company. 

24. The spectral modulation sensor according to 
any of claims 1 - 2 and 18, wherein said 
sensed physical parameter comprises a 
sensed chemical species; wherein said layer of 
sensitive media has a thickness which is a 
function of said sensed chemical species to 
which said layer of sensitive media is exposed; 
and wherein said distance is a function of said 
sensed chemical species to which said layer of 
sensitive media is exposed. 

25. The spectral modulation sensor according to 
claim 24, wherein said sensed chemical spe- 
cies comprises any of pOa or pCOa- 

26. The spectral modulation sensor according to 
claim 24, wherein said layer of sensitive media 
comprises silicone rubber. 

27. The spectral modulation sensor according to 
claim 26, wherein said sensed chemical spe- 
cies comprises ethyl ether or chloroform. 

28. A variable gap optical sensor device adapted 
to receive input measuring light from a light 
source means through a light transmission 
means, wherein said variable gap optical sen- 
sor device comprises: a body means compris- 
ing a first body including a first reflective sur- 
face and a second body mounted to said first 
body, said second body including a cavity 
formed therein which has a second reflective 
surface opposite said first reflective surface; at 
least one of said bodies being flexible so that 
said at least one of said bodies can be de- 
formed and the gap between said first and 
second reflective surfaces can be varied, while 
said gap in an undeformed state is no greater 
than 30 urn; and a single optical fiber mounted 



with respect to said first and second reflective 
surfaces so that light from the core of said 
fiber will be incident on at least a portion of 
said first and second reflective surfaces, and 
5 light reflected from said first and second re- 

flective surfaces will be incident on said core. 

29. The variable gap optical sensor device accord- 
ing to claim 28, wherein at least one of said 
10 first and second reflective surfaces comprises 

a reflecting coating element formed as port of 
said at least one of said first and second 
reflective surfaces. 

75 30. A spectra! modulation sensor for sensing a 
range of values for a sensed physical param- 
eter and generating in response spectrally 
modulated output measuring light, comprising: 
an optically resonant structure means; wherein 

20 said optically resonant structure means has an 

optically sensitive physical characteristic which 
is adapted to change as a function of changes 
of said sensed physical parameter; wherein 
said optically resonant structure means is 

25 adapted to receive input measuring light from 

a light source means through a light transmis- 
sion means and to spectrally modulate said 
input measuring light as a function of said^ 
changes of said optically sensitive physical 

30 characteristic by means of corresponding 

microshifts produced by said changes on at 
least one operating segment on at least one of 
said optically resonant structure means's re- 
flectivity and transmissivity curves to generate 

35 said spectrally modulated output measuring 

light, which is spectrally modulated as a func- 
tion of said sensed physical parameter; 
wherein said optically resonant structure 
means comprises a body means defining a 

40 cavity and a pair of opposed first reflective 

surface means; wherein said body means 
comprises a substrate and a cover means; 
wherein said substrate and said cover means 
are bonded to each other; wherein said opti- 
cs cally resonant structure means further com- 
prises fluid flow means for permitting a sensed 
fluid to flow through said cavity; wherein said 
sensed physical parameter comprises at least 
one of the properties of said sensed fluid; and 

50 wherein said optically sensitive physical char- 

acteristic comprises the index of refraction of 
said sensed fluid. 

31. The spectral modulation sensor according to 
55 claim 30, wherein said at least one of said 

properties of said sensed fluid comprises the 
density of said fluid. 
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32. The spectral modulation sensor according to 
any of claims 1 - 5 and 8-9, according to any 
of claims 10 - 27 as dependant on any of 
claims 1 - 5 and 8 - 9, and according to any of 
claims 28 - 31 , wherein said body means com- 5 
prises a substrate; and wherein said substrate 

and said light transmission means are at least 
substantially index matched. 

33. The spectral modulation sensor according to io 
claim 32, wherein to help index match said 
substrate to said light transmission means, 
said substrate is selected to be made from 
borosilicate glass. 

76 

34. The spectral modulation sensor according to 
any of claims 32 - 33. wherein said substrate 
has a thickness; and wherein to improve the 
sensitivity of said optically resonant structure 
means, said thickness of said substrate is se- 20 
lected to be about equal to a diameter of said 
light transmission means. 

35- A method for producing at least one cavity in a 

sheet of material, wherein said at least one 25 
cavity has a bottom which is smooth and flat 
enough to form an adequate reflective surface 
means for an optically resonant structure 
means, wherein said method comprises the 
steps of: 30 

(a) defining an unprotected selected area for 
said at least one cavity on a surface of said 
sheet by using means for protecting said 
surface of said sheet around said unprotec- 
ted selected area from chemical wet etching 35 
materials; 

(b) exposing said unprotected selected area 
to said chemical wet etching materials; and 

(c) ceasing exposing said unprotected se- 
lected area to said chemical wet etching 40 
materials when said at least one cavity has 
reached a preselected depth and has a bot- 
tom which is smooth and flat enough to 
form an adequate reflective surface means 

for an optically resonant structure means. 45 

36. The method of claim 35, wherein step (a) fur- 
ther comprises defining said unprotected se- 
lected area to have a diameter of about 200 
microns to enable said bottom of said at least so 
one cavity to have a diameter of about 200 
microns. 

37. The method of claim 35, wherein step (c) fur- 
ther comprises ceasing exposing said un- 55 
protected selected area to said chemical wet 
etching materials when said at least one cavity 

has reached a depth of about 1,27 microns. 
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38. An optical measuring device for measuring a 
range of values for a sensed physical param- 
eter, wherein said optical measuring device 
comprises: 

a light source means for emitting input mea- 
suring light of at least one wavelength; 

an optically resonant structure means; and 

detection means; 

wherein said optically resonant structure 
means has a reflectivity curve and a transmis- 
sion curve, and has at least one operating 
segment on at least one of said reflectivity 
curve and said transmission curve; 

wherein said optically resonant structure 
means has an optically sensitive physical char- 
acteristic which changes as a function of said 
sensed physical parameter; wherein said 
changes of said optically sensitive physical 
characteristic microshift said at least one op- 
erating segment as a function of said sensed 
physical parameter; 

wherein said optically resonant structure 
means is for spectrally modulating said input 
measuring light as a function of said micro- 
shifts to produce spectrally modulated output 
light which is spectrally modulated as a func- 
tion of said sensed physical parameter; 

wherein said at least one wavelength of 
said input measuring light is selected to fall at 
least substantially within said at least one op- 
erating segment over said range of values for 
said sensed physical parameter; and 

wherein said detection means are for de- 
riving an output measuring electrical signal 
from said spectrally modulated output light 
which is a function of said sensed physical 
parameter. 

39. The optical measuring device according to 
claim 38, wherein said optical measuring de- 
vice further comprises light transmission 
means; and 

wherein said at least one operating seg- 
ment is selected to be less than about one 
resonance cycle in length for said range of 
values for said sensed physical parameter; 
wherein said at least one operating segment Is 
microshifted less than about one resonance 
cycle over said range of values for said sensed 
physical parameter; 

wherein said at least one operating seg- 
ment and said at least one wavelength of said 
input measuring light are selected such that 
over said range of values for said sensed 
physical parameter said spectrally modulated 
output light bears a unique one-to-one relation- 
ship to said sensed physical parameter; and 

wherein said light transmission means are 
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for conveying sad input measuring light from 
said light source means to said optically reso- 
nant structure means and for conveying said 
spectrally modulated output light from said op- 
tically resonant structure means to said detec- 5 
tion means. 
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@ Spectral modulation sensor. 

@ A spectral modulation sensor includes an opti- 
cally resonant structure comprising a body having a 
cavity (106) containing a sensitive medium (110) 
which changes in volume in response to a chemical 
species. The cavity and the medium include first and 
second reflective surfaces (107.112) which are rela- 
tively displaced with changes in volume of the 
chemical species. The structure spectrally modu- 
lates an input measuring light to produce output 
light, which is spectrally modulated as a function of 
the sensed chemical species. 
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